Abstract. The mechanism of action of gastrin was investigated using cytochemical quantitation of hydroxyl ion production (HIP) in guinea pig gastric oxyntic mucosa. The reaction depends upon the trapping of OH ions produced during gastric stimulation and is blocked by the benzimidazole, Hassle 149/94, which inhibits the K++H+-ATPase and by acetazolamide, an inhibitor of carbonic anhydrase activity. It is thus a measure of hydroxyl ions produced during stimulation of the oxyntic cell and reflects upon hydrogen ion production.
Introduction
Gastrin is a polypeptide hormone produced and secreted by the G cells, which are located in the gastric antral mucosa (1, 2). The two major biologically active components of gastrin in the circulation are the heptadecapeptide (G 17) and the NH2-extended G34 peptides, which occur in sulfated and nonsulfated forms (3, 4) . The secretory activity of gastrin resides in the carboxyterminal tetrapeptide amide (5) . Although factors regulating gastrin secretion have been characterized (6) , little is known of its mechanism of action. Recently, an iodinated form of gastrin with defined biological activity served as a ligand for receptor studies (7) . In these studies, binding of radioiodinated gastrin and gastrin analogues to rat gastric mucosal membrane preparations was correlated with the physiological action ofgastrin. However, gastric membranes derive from tissues of heterogeneous cell populations and part of the actions of gastrin may have been mediated indirectly.
Although gastrin is a potent acid secretagogue in vivo (8) , studies on its mechanism of action have been limited by insensitivity of various in vitro models. Furthermore, there are major discrepancies in the studies carried out in different species.
Isolated rabbit gastric glands (8) were unresponsive to pentagastrin or gastrin and were only responsive in the presence of isobutylmethylzanthine (9) . In canine parietal cells, only a 10-15% increase in 02 consumption (10) and a small (1-2%) increase in the '4C-aminopyrine accumulation were found (11, 12) .
In the rat isolated gastric cells, gastrin is ineffective in stimulating '4C-aminopyrine accumulation (13) . Salganik (14) , however, showed that gastrin stimulated adenylatecyclase and acid secretion in the rat stomach, increased carbonic anhydrase, and activated histidine decarboxylase. He proposed that gastrin stimulated protein synthesis and activated histamine production and release. This sequence is compatible with the Code hypothesis (15), which was originally proposed by McIntosh (16) , that histamine is the final common mediator of acid secretion for all secretagogues. However, this appears to be unique to the rat and accounts for only a small fraction ofthe action ofgastrin in rabbit gastric glands ( 17) .
Loveridge et al. (18, 19) showed that pentagastrin caused a dose-related increase in parietal cell carbonic anhydrase activity in segments of guinea pig fundus. We have developed the technique (20, 21) The coefficient of variation for cells stimulated by a 10-12 M dose of gastrin in different sections taken from different animals was 4.6%. All experiments were carried out in a minimum of three animals with at least six replicates for each data point. By analysis of covariance, no significant differences were found between guinea pigs and data from different animals were pooled. The effects of time of exposure to gastrin were similarly evaluated by using data from each time point in the treated and untreated tissues. Since 10-12 M gastrin proved to be the most efficacious concentration, its effect was ascribed the arbitrary value of 100%. The efficacy of other concentrations was computed as a percentage of that of 10-12 M gastrin. The doses required to produce half maximal effects (D50) were computed from the concentration of agonist required for the Dm. The potency for each secretagogue tested was related to the concentration required to achieve the D50 effect relative to that of gastrin. The integrated areas of the responses were obtained by calculating the areas under the dose response curves before and after treatment with antagonist at each concentration point.
To determine significance of effects of various antagonists on the responses to gastrin, a quadratic equation was fit to the dose-response model, where response equalled Co + C1 (dose) + C2 (dose)2, and was applied to the individual data sets. Within each "drug" set no significant difference between the constants among animals was found. By analysis of covariance estimates of C 1, C2, and the slopes of the regression line, significant effects of the antagonists could be discerned. In instances where effects of antagonists on the maximal responsiveness to gastrin were examined, significance of differences at each concentration of antagonist was determined using paired or unpaired t tests, where n was equal to the number of tissue examined. Hartley albino guinea pigs were obtained from Charles River Breeding Laboratories, Wilmington, MA, and Farrants medium was from Biomedical Specialties, Santa Monica, CA.
Results
Time course ofresponse to gastrin. Gastrin (2.5 X 10-12 M) was reacted with fundic tissue sections for time periods of 30s-10 min to determine the time course of oxyntic cell HIP. As shown in Fig. 1 , gastrin (2.5 X 10-12 M) caused a maximal increase in HIP at 90 s (P < 0.01) and HIP fell off rapidly at 120 s of exposure. Increasing the exposure time to 4-10 min led to a second phase wherein maximal HIP at 240 s was similar to that found at 90 s. Dose response to gastrin. A dose response curve was established for gastrin (2.5 X 10-16-2.5 X 10-6 M). As shown in Fig.  2 , gastrin caused a significant increase in HIP above basal from 2.5 X 10-14 M (P < 0.001) and reached a maximum at 2.5 X 10-12 M (P < 0.001). Increasing doses of gastrin to 2.5 X 10-6 M caused a slight reduction in HIP below the maximal response. Concentrations of gastrin in the incubate were confirmed by radioimmunoassay (24) . There were no changes after exposure of the tissues to gastrin. Furthermore, there was no Table I . NHG- Fig. 3 , stimulation of HIP by gastrin was inhibited at all concentrations of gastrin tested in the presence of the COOH-terminus antiserum (P < 0.001), but was not inhibited by nonimmune serum. The COOH-terminus antiserum had no effect on HIP stimulated by histamine. To determine whether the actions of gastrin were mediated via histamine or acetylcholine, the effects ofcimetidine, the H2 histamine blocker, and atropine, the muscarinic cholinergic blocker, on gastrin-stimulated HIP were examined. The doses ofantagonist chosen were those causing maximal inhibition of histamine and carbamylcholine-stimulated HIP, respectively (26).
Cimetidine (l0-' M) and atropine (10-' M) were added to a Dmax dose of gastrin (2.5 X 10-12 M) separately and in combination. Cimetidine reduced the effect of gastrin by 23% and atropine had no effect (Fig. 4) . In combination, cimetidine and atropine reduced the response to gastrin by 30%, which was not significantly different from the effect of cimetidine alone. In studies previously reported, cimetidine (l0-5 M) inhibited maximal histamine-stimulated HIP by 74.5% (26) , and atropine Figure 3 . The effects of COOH-terminus antiserum on gastrin-stimulated oxyntic cell HIP. *Indicates significant differences between gastrin alone and gastrin plus COOH-terminus antiserum (P < 0.001). As shown in Fig. 6 , addition of extracellular Ca2+ caused a significant increase in gastrin action which was above that of gastrin alone at the lower range ofthe dose-response curve (10-15 and 10-14 M) (P < 0.05).
The role of extracellular calcium in gastrin-stimulated HIP was determined by examining the effects of EGTA (10-6_10-3 M) on maximally gastrin (2.5 X 10-12 M)-stimulated HIP. As shown in Fig. 7 , gastrin-stimulated HIP was significantly inhibited by EGTA (10-6_10-3 M) (P < 0.005) in a dose-dependent manner. To determine whether bidirectional flux of Ca2+ was important in the action of gastrin, lanthanum chloride (10-6_ 10-3 M) was added to a Dma,, dose of gastrin. LaC13 (10-6_10-3 M) significantly reduced gastrin-stimulated HIP in a dose-independent manner (P < 0.005). LaCl3 (10-6_10-3 M) caused a slight but not significant increase in basal HIP. EGTA and LaCl3 had no effect on histamine-stimulated HIP (20) . To determine whether enhanced Ca2+ influx was a stimulus for HIP, the effects of the Ca2+ ionophore, A23 187, on basal and maximal gastrinstimulated HIP was examined. A23 187 caused a significant increase in basal HIP (P < 0.01) but paradoxically inhibited the maximal effect of gastrin (P < 0.001) (Fig. 7) . To determine if calmodulin played a role in mediating gastrin-stimulated HIP, the calmodulin antagonists, trifluoperazine (10-5 M) and pimozide (10-5 M), were added to each concentration of gastrin in the dose-response curve (2.5 X 10-'5-2.5 X 10-" M). As shown in Fig. 8 , pimozide significantly reduced stimulation of HIP by gastrin at 2.5 X 10-12 and at 2.5 X 10-" M (P < 0.05). Trifluoperazine significantly reduced stimulation ofHIP by gastrin at 2.5 X 10-'3-2.5 X 10-" M (P < 0.05). significantly inhibited maximal gastrin-stimulated HIP (P < 0.005) by 42.3 and 37.2%, respectively. Increased doses of W-7 (l0-4 M) had an even greater (83%) inhibitory effect on maximal gastrin-stimulated HIP, whereas this dose of WI 3 had no greater an inhibitory effect.
Cellular mechanisms ofaction ofgastrin. The cellular mechanisms whereby gastrin stimulates oxyntic HIP were further investigated using agents which inhibit carbonic anhydrase activity (acetazolamide), an inhibitor ofrespiration (NaSCN) (27) , and a compound that neutralizes proton pump activity (H 149/ 94). Acetazolamide (10-5 M), NaSCN (l0-4 M), and Hassle compound (H 149/94) (10-4 M) were added to a Dmax dose of gastrin (10-12 M). As shown in Fig. 10 , gastrin-stimulated HIP was significantly inhibited by acetazolamide, NaSCN, and H 149/ 94 (P < 0.001).
no effect. The specificity of the response to gastrin was demonstrated by inhibition of its action by an antiserum directed towards the biologically active COOH-terminus. The COOHterminal octapeptide ofCCK8 had similar efficacy, but it reduced potency, as had been reported (29) , and may be due to increased release ofendogenous somatostatin by CCK8, as compared with gastrin (30) . The equivalent stimulation by COOH-terminal fragments and G 17 in vitro contrasts with the reduced potency of gastrin fragments in vivo (1, 2) present whether factors regulating these two phases of HIP are the same, and it will be of interest to study the second phase.
Cimetidine blocked 23% of the activity of gastrin. This significant reduction in the maximal effect ofgastrin by cimetidine may be due to blocking of the actions of endogenous histamine (36) . Alternatively, gastrin may activate histamine release from unidentified paracrine cells that are located near the oxyntic cell, and this may modulate the response to gastrin. Similar, albeit quantitatively, slightly different results using rabbit gastric glands have been reported (17) . In isolated canine parietal cells, however, the small degree of stimulation of '4C-aminopyrine accumulation ( 11) and increase in oxygen consumption (37) by gastrin was not blocked by cimetidine. Atropine had no effect on gastrin-stimulated HIP, which suggests that gastrin does not act through a muscarinic cholinergic mechanism. In studies reported elsewhere (26), we have shown that atropine completely abolished the effects ofcarbachol, which provides evidence that this system responds to cholinergic agents.
The role of Ca2" in gastrin-stimulated HIP was examined by using EGTA and LaCl3. EGTA chelates extracellular Ca2+ and renders it biologically inactive. LaCl3 displaces membranebound Ca2" and thereby alters Ca2" flux without penetrating intracellularly (38) . EGTA and LaCl3 reduced the action of gastrin by 67 and 52%, respectively, suggesting that gastrin stimulation of the oxyntic cell is partially dependent upon extracellular Ca2". These findings are consistent with studies that report Ca2+ dependence of secretagogue action in isolated canine parietal cells (39) and in isolated rabbit gastric glands (9) Acetazolamide (lOs-M) completely inhibited gastrin-stimulated HIP, which indicates that carbonic anhydrase is activated during stimulation of the oxyntic cell by gastrin. The intimate association of the enzyme with the microvilli of the secretory canaliculi suggests that carbonic anhydrase plays an integral role in acid secretion by rapidly converting the OH ions produced on the cytosolic surface of the proton pump to HCO3. In these studies, we have shown that the substituted benzimidazole (H 149/94) abolished gastrin-stimulated HIP, which supports the notion that gastrin action culminates in proton pump activation, since H 149/94 has been shown to directly inhibit the gastric H++K+-ATPase, the presumed proton pump (28) . The tissue concentration of ATP in the sections is 0.19 mM/g, which is enough to support proton pump activity. NaSCN also abolished the action of gastrin. However, the mechanism of action of NaSCN is unclear. NaSCN may inhibit acid secretion by increasing the rate of proton-gradient dissipation (27) , may restrict access of OH ions to the enzyme (8) , or may have a direct inhibitory action on carbonic anhydrase (46) . Our data suggests that gastrin acts via a receptor-mediated mechanism which is separate from that of histamine and acetylcholine on the oxyntic cell, as has been suggested by Soll al. (10) (11) (12) and Chew and Hersey (17) . On the basis of our results, we propose that gastrin stimulates HIP through three separate pathways (Fig. I 1) . Gastrin acts partly through a histamine-adenylate cyclase mechanism. It may interact directly with endogenous histamine upon the oxyntic cell, potentiate the histamine pathway, or may stimulate histamine release from adjacent histamine-containing cells. The second pathway is largely through an extracellular and intracellular Ca2-dependent mechanism. These two pathways account for '-70% ofthe stimulatory mechanism of action of gastrin. Further studies should reveal the nature of the residual activity.
